This paper reports the synthesis of nanostructure carbon (ns-carbon) films deposited by microwave plasma-enhanced chemical vapor deposition (MW PECVD) technique at low pressure and room temperature. ns-carbon films have been characterized by scanning electron microscopy, electron dispersive x-ray spectroscopic analysis, atomic force microscopy, Raman spectroscopy, X-ray diffraction, UV-visible spectroscopy and high-resolution transmission electron microscopy. The shape of nanostructure is changing from granular to sheet-like structure when the pressure increased from 55 to 110 mTorr.
Introduction
Recently, carbon nanostructures have received a great attention due to the wide variety of applications in electronics, mechanical, biomedical, and automotive industries (1) (2) (3) . Formations of carbon nanostructures generally required high processing temperature. Carbon nanostructure such as spherical nanodiamond and nanosheets have been formed at high temperature necessary for the proper nucleation and transportation of building block in the plasma. A low processing temperature is required for the state of the art silicon-based semiconductor industries for the direct deposition of carbonbased nanostructures onto the silicon substrates. Therefore, lowering the processing temperature of carbon-based nanostructure is currently the focus of research worldwide. Recently, carbon nanosheets are of significant interest as they may contain many graphene layers (4, 5) . Thomas and Rao (6) while synthesizing erected carbon sheets at very high temperature of about 800 C by electron cyclotron resonance plasma-enhanced chemical vapor deposition (ECR PECVD) found crumpled like semi-transparent sheets like structure on copper substrate. There are several plasma-based techniques for the synthesis of carbon nanostructures such as radio frequency (RF) PECVD (7), Microwave (MW) PECVD (8) , ECR PECVD (6), filtered cathodic vacuum arc (FCVA) technique (9) etc. Among these techniques, MW PECVD is a versatile technique for the deposition of carbon-based nanostructures such as ultra nanocrystalline diamond (10) , carbon nanotube (CNT) (11, 12) , carbon nanofiber (CNF) (13) , and graphene (14, 15) . MW PECVD has certain advantages over other techniques as it produces highly ionized plasma with high deposition rate, electrode less deposition, and capable of producing plasma from the low pressure to high pressure of several Torr. Recently, RF PECVD has been used for the growth of smooth diamond-like carbon (DLC) films at room temperature with improved surface roughness of SiAlON substrate from 4.13 to 0.47 nm (16) . A low temperature deposition technique is preferred for the industrial applications particularly in electronic devices due to its easiness in depositing carbon films directly on low cost flexible substrates.
The present work reports the synthesis of carbon-based nanostructures by optimizing the process parameters used in MW PECVD technique at low pressure and room temperature. Carbon nanostructures are studied by variety of characterization techniques such as scanning electron microscopy (SEM), energy dispersive x-ray spectroscopic analysis (EDAX), atomic force microscopy (AFM), Raman spectroscopy, X-ray diffraction (XRD), UV-Visible spectroscopy, and high-resolution transmission electron microscopy (HRTEM). The formation of variety of carbon nanostructures have been explained on the basis of growth conditions.
Experimental Details
Details of Deposition System ns-carbon films were deposited using 1.2 KW MW PECVD system at 2.45 GHz. The schematic diagram of MW PECVD system is shown in Figure 1 . The microwave power from the generator was applied to the chamber by using circulator, three stub-tuners, waveguide, and a quartz window. Circulator protects the magnetron source from the reflected microwave power. Impedance matching of the wave guide and deposition chamber was achieved with the help of stub-tuner. The quartz plate acts as a divider between the deposition chamber and microwave generator and it acts as a transparent window for the microwave. To convert the transverse electric (TE) mode to the transverse magnetic (TM) mode, a rectangular to circular mode converter is used. The cavity in the TM mode delivers the microwave power more efficiently than the TE mode to the gas to generate plasma. The nscarbon films were deposited over well-cleaned silicon and quartz substrates at room temperature. A base pressure of »2 £ 10 ¡6 Torr was achieved by the turbo molecular and rotary pump combination. The substrates were kept at »12.5 cm below the quartz window. Prior to deposition, the substrates were also cleaned using argon plasma to remove the surface contaminations. These ns-carbon films were deposited at a fixed microwave power of 220 W. However, during deposition the working pressure was varied from 55 to 110 mTorr. This working pressure was achieved by feeding the acetylene (C 2 H 2 ) and argon (Ar) gases to the chamber that changed the pressure from base pressure of »2 £ 10 ¡6 Torr to working pressures of 55, 70, 80, and 110 mTorr. The details of deposition parameters used have been summarized in Table 1 .
Details of Characterization
The ns-carbon films were characterized by morphological, structural and optical properties. The surface morphology of the sample was examined by scanning electron microscope (JEOL-JSM-7500 F SEM). The EDAX was carried out to detect the other elements present in the film. The Raman spectroscopy on these samples was performed using 514 nm excitation laser and notch filter at »50 cm ¡1 at room temperature by a Renishaw spectrophotometer (micro-Raman model inVia Reflex). Measurement was performed at 5 mW incident power. X-ray diffraction was recorded from 10 to 60
with Bruker D8 Advanced x-ray diffractometer using CuK a (λ D 1:5418 A) radiation. The UV-Vis transmittance was recorded by a Perkin Elmer spectrophotometer (Lambda 950) in the range 200-800 nm. For HRTEM, samples were prepared by etching silicon substrates in HF C HNO 3 mixtures. On dilution of the mixtures with distilled water, the film floats on the surface of water. Subsequently, these selfsupported films were lifted on a 200-mesh carbon-coated copper grid of 3.05 mm in diameter. HRTEM studies were carried out using a FEI Tecnai G2, F30-STWIN microscope with field emission gun source at the electron accelerating voltage of 300 KV to explore the nano-sub-nanoscale structural information present in the film. It is interesting to note that the carbon nanostructures are formed at room temperature which otherwise generally requires high temperature processing. Temperature may be enhanced to some extent by the plasma of Ar and C 2 H 2 which does not produce high temperature as hydrogen and C 2 H 2 plasma produces. In Ar-rich plasma, C 2 radical is the main product due to the dissociation of CC bond of C 2 H 2 according to the reaction: Ar C C 2 H 2 ! C 2 C H 2 energized by Ar molecule (18) . C 2 radical plays a crucial role in the growth of such types of nanostructure. At low pressure up to few 10 Torr, electron's collision with the gas molecule is infrequent, thus the electron is having high 
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energy in comparison to the energy at high pressure condition and the molecule dissociates generally by the electron collision (8) . Increasing the Ar concentration may enhance the dissociation of C 2 H 2 molecule which changed the structure from the branched granular to spherical carbon nanoparticles and sheet-like structure. Figure 2(d) shows the sheet-like structure incorporated with dispersed granular sphere of size »0.1 mm deposited at a pressure of 110 mTorr. Some spherical ns-carbon seems to be embedded in these sheets like structure. The size of ns-carbon formed at different pressures has been summarized in Table 1 .
EDAX Study
EDAX measurement has been performed to detect the unwanted elements like oxygen contaminations present in the film in addition to carbon. Figure 3 shows the typical EDAX spectra of carbon sheets deposited at 70 mTorr pressure.
EDAX spectra revealed the presence of carbon, silicon (due to substrate) and negligible amount of oxygen which may be due to the surface contamination from the low purity of Ar gas used. Also EDAX uses such high energy X-rays (10 KeV) so that it may figure out oxygen from the bulk surface as the thickness of film is in nanometer range as silicon has also been detected. Figure 4 shows the AFM micrographs of the ns-carbon films deposited at different pressures of (a) 55 mTorr, (b) 70 mTorr, (c) 80 mTorr, and (d) 110 mTorr. The morphology of ns-carbon observed in AFM images is in agreement with the SEM micrographs (Figure 2) . The values of average surface roughness evaluated from the AFM micrographs have been summarized in Table 1 . The values of surface roughness were found to be 1.82, 0.45, 0.43, and 0.69 nm, respectively, for Fig. 3 . Typical EDAX patterns of ns-carbon film deposited at 70 mTorr. 458 Bisht et al.
AFM Study
the films deposited at different pressures of (a) 55 mTorr, (b)
Raman Spectroscopy Study Figure 5 shows the typical Raman spectra of ns-carbon films deposited at different pressures of (a) 55 mTorr, (b) 70 mTorr, (c) 80 mTorr, and (d) 110 mTorr. All the samples showed D peak around 1360 cm ¡1 to 1370 cm ¡1 , G peak around 1580 cm ¡1 to 1600 cm ¡1 , and very broad 2D peak around 2699 to 2768 cm ¡1 . Raman spectra which are an important tool for the characterization of carbon-based thin films reveal the well-known D and G peaks accompanied with very broad 2D peak in all the samples. G peak mainly arises due to E 2g symmetry of in-plane bond stretching motion of a pair of sp 2 bonded carbon atoms, whereas D peak around 1355 cm ¡1 is a breathing mode of A 1g and appeared due to the disorder in perfect graphite (19) . 2D peak is due to the second order of the D peak which originates via a participation of two phonons with opposite wave vectors leading to momentum conservation (20) . Accompanying the change in nanostructures in the films deposited at different pressures, there is no such dramatic change in the Raman spectra of these films. With the pressure variation, there is a change in the intensity and peak position of D and G peaks. The Raman spectra has been Table 1 along with the process parameters used in the growth of these films. In general, carbon-based thin films contain carbon atoms bonded as sp 2 and sp 3 hybridization. The Raman spectra particularly the peak position, intensity ratio of D and G peak, FWHM etc. depend upon the bonding arrangement of the film and hence the sp 2 -and sp 3 -bonded carbon atoms can be changed by these process parameters. Beeman et al. (21) suggested that the shift in G band toward the lower frequency is due to the increase of sp 3 -bonded atomic sites in amorphous carbon films. The I D /I G ratio and FWHM have been used as graphitization indication of the structure of carbon-based materials (22) . It is evident from the table that I D /I G ratio is changing with the gas concentration. The I D / I G ratio is increasing from 0.88 to 1.00 up to 70 mTorr pressure and there is a reversal in the trend of I D /I G beyond this pressure.
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XRD Pattern
The structural property was investigated by the XRD pattern. Figure 6 shows the typical XRD patterns of ns-carbon films deposited at different pressures of (a) 55 mTorr, (b) 70 mTorr, (c) 80 mTorr, and (d) 110 mTorr. All the samples showed a broad peak or hump at about 25.5 except in the sample 3 which showed a broad peak at about 28 . This is due to the amorphous phase present in all the films. Some other peaks at »41.5, 44.5, and 48.2 also appear in Figure 6  (a, b, c) . A peak at »10.3 and »10.6 appear in Figure 6c .The XRD pattern revealed the mixture of amorphous and nanocrystalline phase due to the presence of broad peak or hump at »25.5 and some sharp peaks. The peaks at 41.5, 44.5, and 48. 2 may be attributed to the diamond reflection (25). Table 1 . It is evident from the curves that all the films exhibit the high value of transmittance (>90%) in near IR region. nscarbon film deposited at 110 mTorr showed the highest value of transmittance of 94.5% among all the samples studied. The value of the transmittance increased from 90.4 to 94.5% with the increase of gas pressure used in the deposition of these ns-carbon films. The C 2 H 2 concentration and hence the amount of carbon increased with the decrease of total pressure. This may be the reason for the reduction in the value of transmittance. Optical band gap (E g ) has been measured by Tauc's plot generally used for amorphous materials (26) . Under the assumption of parabolic band in amorphous solids, the relation between the absorption coefficient (a) and energy (hy) is given by ahn ð = versus hy curve to zero abscissa. The values of E g of all the samples deposited at different pressures are evaluated to be 4.1, 3.8, 3.7, and 3.3 eV which are summarized in Table 1 .
HRTEM Study
HRTEM was employed to characterize the ns-carbon film deposited at 110 mTorr pressures. In general, the microstructure was constituted of graphene nanosheets (Figure 8a ) with almost transparent appearance. Most of the region of thin films was uniformly consisted of such structure. An atomic scale image with an adequate tilting revealed a honeycomb structure of these nanosheets with hexagonal fringes with an interseparation of about 0.34 nm (inset in Figure 8a ). These fringes are the characteristic of graphene polymorph of carbon. The region, magnified at atomic scale, is encircled with white dotted line in Figure 8a . It was further possible to explore in thin films that at instances there are few bunches of ultrathin circular rings piled up over each other (inset in Figure 8b) . A selective region (white-dotted encircled region in the inset of Figure 8b ) was magnified to atomic scale to investigate the actual morphology of these inter-abutting rings. It was interesting to note that these rings are short length carbon nanotubes with distinct multi-walled structure. Some of these nanotubes inter-mingled to each other in the microstructure are displayed as in Figure 8b .
Conclusions
Different types of carbon nanostructures have been grown by using MW PECVD technique at room temperature by varying the deposition pressure from 55 to 110 mTorr. It has been found that the deposition pressure plays a significant role in controlling the nanostructure of carbon films. Surface roughness of the film decreased from 1.82 to 0.43 nm with the increase of pressure up to 80 mTorr and beyond 80 mTorr the value of surface roughness increases to 0.69 nm. The values of transmittance increased from 90.4 to 94.5% and those of E g decreased from 4.1 to 3.3 eV with the increase of pressure from 55 to 110 mTorr. The HRTEM along with the SEM micrographs reveal sheet-like structure of the carbon samples deposited at 110 mTorr dispersed in the amorphous matrix. 
